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Abstract This study evaluated process-induced quality
changes in kiwifruit purée of two commercial cultivars (green
kiwifruit, BHayward^, and gold kiwifruit, BJintao^) treated by
equivalent microbial safety-based processing: high-pressure
processing (HPP; 600 MPa/3 min) and thermal processing
(TP; P85 °C8.3 °C = 5min). This comparative study was performed
using both targeted, analyzing a priori selected quality attri-
butes (color, sugars, organic acids, and vitamin C) and
untargeted headspace-solid phase microextraction-gas chro-
matography-mass spectrometry approaches, combining mul-
tivariate data analysis techniques (partial least squares dis-
criminant analysis and variable identification). HPP provided
a better retention of color and vitamin C compared to TP.
Sugar and organic acid were less affected by HPP and TP.
Methyl and butyl esters were detected at higher amounts in
both processed purée, compared to untreated purée. For proc-
essed samples, furanones, terpenes, and alcohols were detect-
ed at higher amounts after TP and aldehydes were detected at
higher amount after HPP. Overall, the quality of HP-treated
samples is clearly closer to that of fresh samples compared to
thermally treated samples and HP treatment avoids the forma-
tion of typical temperature-induced compounds.
Keywords High-pressure processing . Thermal processing .
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Introduction
In a previous study, the quality changes of purée based on
kiwifruit during ripening was investigated (Yi et al. 2016).
At the final phase of ripening, the kiwifruit purée exhibited
high sugar–acid ratio and high concentrations of aromatic fla-
vor volatiles. However, it is unknown whether these qualities
of kiwifruit can remain the same or change after processing.
Considering consumer expectations, processed fruit-based
products should exhibit high quality properties (Beirão-da-
Costa et al. 2006; Escriche et al. 2002). However, the organ-
oleptic and nutritious quality of kiwifruit products processed
with traditional processing technologies, such as thermal pro-
cessing (TP), is greatly modified (Fernández-Sestelo et al.
2013; Rawson et al. 2011). Therefore, industries and food
scientists have been investigating food processing techniques
that do not rely on an increased temperature as the most im-
portant processing variable. Currently, there are several Bnon-
thermal^ preservation methods claiming the absence of ther-
mal effects for liquid food pasteurization; among these, high-
pressure processing (HPP) has received the largest attention
(Knorr et al. 2011).
Although HPP has been widely applied to fruit-based prod-
ucts (Bull et al. 2004; Cao et al. 2012; Landl et al. 2010; Liu
et al. 2014; Oey et al. 2008; Sánchez-Moreno et al. 2003;
Sánchez-Moreno et al. 2005), in the last decade, there were
only a few, specific studies on pressurized kiwifruit purée
Electronic supplementary material The online version of this article
(doi:10.1007/s11947-016-1783-1) contains supplementary material,
which is available to authorized users.
* Marc Hendrickx
marc.hendrickx@biw.kuleuven.be
Junjie Yi
yijunjiecau@gmail.com
1 College of Food Science and Nutritional Engineering,
China Agricultural University, 100083 Beijing, China
2 Laboratory of Food Technology, Department of Microbial and
Molecular Systems (M2S), Leuven Food Science and Nutrition
Research Center (LFoRCe), KU Leuven, 3001 Heverlee, Belgium
Food Bioprocess Technol
DOI 10.1007/s11947-016-1783-1
(Fernández-Sestelo et al. 2013). Meanwhile, in some HPP and
TP comparative studies, processing conditions were not se-
lected based on principles of equivalence, e.g., equivalent mi-
crobial or enzyme inactivation. As a consequence, unfair or
irrelevant comparisons are made, which may result in a biased
perception of HPP in comparison to TP. At the same time,
most previous product quality-oriented studies followed a
targeted approach, where the impact on one or more a priori
selected attributes (i.e., specific nutrients, viscosity, color, and
enzymatic activity) is investigated. There is a need for studies
investigating the impact of HPP on food quality attributes not
only based on a targeted approach but also using an untargeted
approach. By combining untargeted analysis and multivariate
data analysis (MVDA), the fingerprinting technique could be
a powerful tool to compare the impact of novel and traditional
pasteurization processes (Kebede et al. 2013, 2014a, b; Liu
et al. 2014; Vervoort et al. 2012, 2013).
In this work, the impact of HPP and TP on quality charac-
teristics of two kiwifruit purées (green kiwifruit, Actinidia
deliciosa, BHayward,^ and gold kiwifruit, Actinidia chinensis,
BJintao^) was compared. Aiming for a fair comparison, HPP
and TP conditions were selected based on the principle of
equivalent microbial safety (5-log reduction of Escherichia
coli O157:H7). This comparative study was performed in a
quantitative way using targeted and untargeted approaches.
The targeted approach was used to analyze a priori selected
physicochemical quality attributes including color, sugars, or-
ganic acids, and vitamin C. A headspace-solid phase
microextraction-gas chromatography-mass spectrometry
(HS-SPME-GC-MS) procedure was used as a more
hypothesis-free untargeted approach to fingerprint the volatile
fraction of differently processed kiwifruit purée. Considering
the considerable amount of data generated using an HS-
SPME-GC-MS fingerprinting, MVDA techniques, as the
most appropriate way to extract important information out of
large data sets, were used (Yi et al. 2016).
Materials and Methods
Sample Preparation
Kiwifruits, A. deliciosa BHayward^ (green kiwifruit) and
A. chinensis BJintao^ (gold kiwifruit), were purchased at a
local market in Leuven, Belgium. The samples were ripened
on trays at ambient temperature (20–25 °C). Based on the
previous study (Yi et al. 2016), kiwifruits at final ripening
stage (hardness, 1.0–0.6 N, and soluble solid content, around
13 °Brix) were used for processing. Firstly, kiwifruits were
carefully washed and peeled by using a knife. In order to avoid
interaction of seeds and flesh components during blending
(e.g., enzymatic conversion), the seeds and part of the inner
cortex were subsequently removed by using a stainless steel
borer. This procedure was used too. Next, flesh was blended in
a Büchi mixer (B-400, BÜCHI, Switzerland) to obtain a uni-
form purée. The purée was homogenized at an average pres-
sure of 100 MPa, using a high-pressure homogenizer (Panda
2K, Gea Niro Soavi, Mechelen, Belgium), and the inlet com-
partment of homogenization was kept at 4 °C. Post-process,
the purée was cooled at 4 °C to limit any enzymatic reaction.
Processing Technologies
Kiwifruit purée was packed and subjected to different treat-
ment conditions: HPP at 600 MPa/3 min and TP (P85 °C8.3 °C =
5min). To compare process impact of HPP and TP, the pro-
cessing conditions for high acid fruit-based products
(pH ≤ 3.5) were selected targeting an equivalent microbial
inactivation: a 5-log reduction of E. coli O157:H7 (Hiremath
and Ramaswamy 2012; Liu et al. 2014).
Each treatment category was repeated six times. The pro-
cess profiles of both HPP and TP are depicted in supplemen-
tary Fig. 1. Considering the need for an inert packaging ma-
terial, Teflon and glass tubes were selected for HPP and TP,
respectively.
High-Pressure Processing
HPP was carried out using a laboratory-scale high-pressure
unit (custom-made, Resato, The Netherlands), equipped with
six vertically oriented individual vessels (volume = 43 cm3
and diameter = 2 cm). The vessels were jacketed with a coil
connected to a temperature controlling unit. The pressure me-
dium was 100 % propylene glycol (PG fluid, Resato, the
Netherlands). Teflon (polytetrafluoroethylene) holders
(12 mm inner diameter, 85 mm length, and 4 mm wall thick-
ness; Vink, Belgium) were filled with kiwifruit purée, closed
with a movable cap, and vacuum-sealed in plastic bags.
Before HPP, both samples and high-pressure vessels were
pre-equilibrated at 10 °C. Sample pressure (supplementary
Fig. 1, black line) and temperature (supplementary Fig. 1,
blue line) were automatically recorded. During processing,
the temperature inside the purée was never above 21 °C.
Samples were kept in ice water immediately after treatment.
Thermal Processing
TP was performed in glass reactor tubes in a temperature-
controlled water bath (WB 22, Memmert GmbH & Co. KG,
Hannover, Germany). During the treatment, a constant hold-
ing temperature of 90 °C was maintained to reach the target
pasteurization value (P85 °C8.3 °C = 5min). Temperature profile
(supplementary Fig. 1, red line) was recorded at the geometric
center of the sample in a glass tube using a type T thermocou-
ple connected to a thermocouple box (TR9216, Ellab,
Hilleroed, Denmark) and a CMC-92 data acquisition system
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(Ellab, Hilleroed, Denmark). Samples were kept in ice water
prior to and immediately after processing to reduce enzymatic
reaction.
Post-Treatment Sample Handling
After treatments, samples were emptied in a cooling room at
4 °C and transferred to small volume (10 ml) polyethylene
terephthalate tubes with a polyethylene cap. Subsequently,
the samples were frozen in liquid nitrogen and were stored
at −40 °C until further analysis.
Color Measurement
The change in color of kiwifruit purée was measured using a
Hunterlab ColorQuest colorimeter (ColorFlex EZ colorimeter,
Hunter Associates Laboratory Inc., Virginia, USA) controlled
by a computer to calculate color ordinates (Hunter Lab,
MSEZ-CFEZ Utility, version 1.2), in the reflectance
spectral-excludedmode. The recordedXYZ tristimulus values
were then converted into L*, a*, and b*: L*, brightness, 0
(dark) to 100 (white); a*, greenness (−a*) to redness (+a*),
and b*, blueness (−b*) to yellowness (+b*). The total color
difference (ΔE*), Chroma (Cab
*), and Hue (hab) were deter-
mined by the following Eqs. (1)–(3):
ΔE* ¼
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In Eq. (1), the subscript B0^ indicates the initial color
of untreated kiwifruit purée. Color measurements were
carried out in triplicate with five readings for each sam-
ple at room temperature.
Sugar and Acid Determination
The methods for analysis of the sugar profile, pH, titratable
acidity, and organic acid profile were explained in the previ-
ous work (Yi et al. 2016).
Vitamin C Determination
Determination of vitamin C was based on a method described
by Verbeyst et al. (2013) with minor modifications. Vitamin C
was firstly extracted from the kiwifruit by adding 20 ml ex-
traction buffer (1 % w/v meta-phosphoric acid with 0.5 %
oxalic acid adjusted to pH 2.0) in 5 g purée. After mixing
for 1 min, the mixture was centrifuged at 23,700×g for
30 min at 4 °C (J2-HS centrifuge, Beckman, Analis, Namen,
Belgium). The obtained supernatant was used as vitamin C
extract. Extraction was performed in duplicate.
The extracts were adjusted to pH 3.5 and were then divided
into two parts. The first part was used for direct ascorbic acid
analysis. After diluting (1:2) the extract in phosphate buffer
(20 mM NaH2PO4 + 1 mM Na2EDTA in HPLC-grade water,
pH 3.5), samples were used for further HPLC analysis. The
other part was subjected to a reduction reaction of L-
dehydroascorbic acid (DHAA) to ascorbic acid (AA) by
adding TCEP solution (2.5 mM tris (2-carboxyl-ethyl) phos-
phine in phosphate buffer, pH 3.5) in ratio 1:2. The obtained
mixture was centrifuged at 19,900×g for 15 min at 24 °C
(Microfuge 22R, Beckman Coulter, Analis, Namen,
Belgium). In this way, all DHAAwas converted to AA so that
the AA concentration in HPLC analysis was considered as
the total vitamin C content. By subtracting the AA con-
centration of the first part from total vitamin C, the
DHAA concentration was calculated.
After filtering through Chromafil A-45/25 (Macherey-
Nagel, Düren, Germany), the analysis was performed on a
HPLC (Agilent Technologies 1200 Series) with DAD detec-
tion (Diegem, Belgium), using isocratic elution over a Prevail
Fig. 1 Sugar profile (mean ± standard deviation) in green (a) and gold (b) kiwifruit purée after high-pressure processing (HPP) and thermal processing
(TP). ( ) glucose, ( ) sucrose, ( ) fructose
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C18 column (250 × 4.6 mm, 5 μm particle diameter; Grace,
Lokeren, Belgium), held at 20 °C. The elution buffer consisted
of 1 mM Na2EDTA and 10 mM CH3COONH4 in HPLC-
grade water with pH 3.0 at a flow rate of 0.8 ml/min.
Twenty-five microliters of samples was injected and detection
was performed at 245 nm. For quantification, calibration
curves of an external standard solution of AA (99 % Acros
organics, Geel, Belgium) were used. Chromatographic analy-
ses and absorbance measurements were carried out in
triplicate.
Volatile Fraction Analysis
HS-SMPE-GC-MS Analysis
For each kiwifruit purée, the HS-SPME-GC-MSmethod (e.g.,
incubation/extraction conditions, fiber coating, and GC and
MS parameters) was the same as described in the previous
work (Yi et al. 2016). Six kiwifruit purée samples were treated
independently and each sample was analyzed once.
Data Preprocessing and Multivariate Data Analysis
The data preprocessing of all chromatograms were performed
by automated mass spectral deconvolution and identification
system (AMDIS; Version 2.72, 2014, National Institute of
Standards and Technology, Gaithersburg, MD, USA) and
mass profiler professional (MPP; Version 12.0, 2012,
Agilent Technologies, Diegem, Belgium) as described by Yi
et al. (2016).
After data preprocessing, a spreadsheet consisting of sam-
ples (rows) versus variables (column) was obtained, which
was then used as an input for MVDA carried out using Solo
(Version 6.5, 2011, Eigenvector Research, Wenatchee, WA,
USA). In MVDA, partial least squares discriminant analysis
(PLS-DA) was implemented with the volatile compounds as
X-variables and three processing classes as categorical Y-var-
iables. To select discriminant volatile compounds, variable
identification (VID) coefficients, as a quantitative measure,
were calculated. The variables with an absolute VID value
exceeding the threshold value of 0.800 were considered as
important and were selected as discriminant volatile com-
pounds. Identification of these compounds was performed
by comparing the deconvoluted mass spectrum with the ref-
erence mass spectra from both NIST spectral library (NIST14,
version 2.2, National Institute of Standards and Technology,
Gaithersburg, MD, USA) and WILEY registry of mass spec-
tral data (Wiley 2010, version 9, USA).
Statistical Analysis
The data were represented as mean value ± standard deviation
(SD). Analysis of variance (one-way ANOVA) was carried
out using the OriginPro 8 (Origin Lab Corporation,
Northampton, MA, USA). The significant difference between
the means of pairs was determined by Tukey’s HSD test at a
significance level (P < 0.05).
Results and Discussion
Physicochemical Analysis: Using a Targeted Approach
Color
In the present work, color parameters (L*, a*, b*, ΔE*, Cab
*,
and hab) were used to determine the changes in color of kiwi-
fruit purée after HPP and TP. As can be seen in Table 1, initial
L*, a*, and b* parameters of untreated purée are L* = 45.56,
a* = −6.13, and b* = 35.61 in green kiwifruit purée and
Table 1 Physicochemical properties of kiwifruit purée after high-pressure processing (HPP) and thermal processing (TP)
Physicochemical
properties
Green kiwifruit Gold kiwifruit
No treatment HPP TP No treatment HPP TP
TA (%)* 1.11 ± 0.02a 1.08 ± 0.04a 1.03 ± 0.06a 1.20 ± 0.05a 1.16 ± 0.03a 1.15 ± 0.01b
pH 3.38 ± 0.02a 3.39 ± 0.02a 3.36 ± 0.01b 3.53 ± 0.01a 3.53 ± 0.01a 3.50 ± 0.01b
L* 45.56 ± 0.55b 46.26 ± 0.20b 52.79 ± 0.53a 61.28 ± 0.36b 60.78 ± 0.27b 64.51 ± 0.13a
a* -6.13 ± 0.35c -5.23 ± 0.01b 0.94 ± 0.14a 2.84 ± 0.06a 2.47 ± 0.15ab 2.24 ± 0.14b
b* 35.61 ± 0.22a 36.21 ± 0.19a 33.64 ± 0.73b 37.19 ± 0.15a 36.93 ± 0.28b 33.36 ± 0.32c
ΔE* –** 1.31 ± 0.02b 10.41 ± 1.15a –** 0.72 ± 0.32b 5.05 ± 0.22a
Cab
* 36.14 ± 0.19a 36.58 ± 0.19a 33.56 ± 0.74b 37.29 ± 0.15a 37.01 ± 0.27a 33.43 ± 0.33b
hab (°) 99.77 ± 0.59
a 98.22 ± 0.03b 88.39 ± 0.20c 85.63 ± 0.09a 86.18 ± 0.25a 86.16 ± 0.23a
* Titratable acidity (TA) is expressed as % citric acid
** The untreated kiwifruit are used as a reference to calculate ΔE*
Mean ± standard deviation. Different letters in the same raw indicate significant differences determined by Tukey’s HSD test (P < 0.05)
Food Bioprocess Technol
L* = 61.28, a* = 2.84, and b* = 37.19 in gold kiwifruit purée.
Compared to HPP, TP caused significant color changes in
both green and gold kiwifruit purée resulting in an increased
L* value (lightness; P < 0.05) and decreased b* value
(yellowness;P < 0.05). The a* value shifted towards a positive
direction in thermally treated green kiwifruit indicating that its
color changed from green to red. The a* value in thermally
treated gold kiwifruit slightly decreased indicating a less red
color. There were almost no differences in L*, a*, and b*values
of kiwifruit purée after HPP compared to the unprocessed one.
Besides, the Cab
* decreased after TP of green and gold kiwi-
fruit purée indicating a decrease of color saturation. The hab of
green and gold kiwifruits changed ranging from 99.77° to
88.39° and from 85.63° to 86.18° at the color circle, respec-
tively. It indicated the green kiwifruit turned towards a redder
and less yellow color, whereas the gold kiwi turned towards a
less red color after treatments. The total color difference (ΔE*)
is commonly used as a color quality indicator in the industry.
Perceivable color differences can be classified as not notice-
able (0–0.5), slightly noticeable (0.5–1.5), noticeable (1.5–
3.0), well visible (3.0–6.0), and largely visible (>6.0; Yi
et al. 2016). When compared to untreated purée, the color of
HP-treated purée showed slightly noticeable changes (1.31 for
green kiwifruit and 0.72 for gold kiwifruit), whereas thermally
treated samples showed from visible to largely visible color
changes (10.41 for green kiwifruit and 5.05 for gold kiwifruit).
Therefore, based onΔE*, it is quite apparent that the applica-
tion of HPP had a minimal effect on color changes in compar-
ison to TP. Fernández-Sestelo et al. (2013) found that there
was no significant change in color parameters of control and
pressurized kiwifruit purée.
Because enzymes of thermally processed samples were
inactivated (data not shown), the processing induced de-
struction of pigments (carotenoids and chlorophylls) and
is most likely the responsible factor for discoloration of
kiwifruit purée (Benlloch-Tinoco et al. 2015; Cervantes-
Paz et al. 2014; Gama and de Sylos 2007). Chlorophylls
and carotenoids are the main pigments responsible for the
green- and yellow-flesh color in kiwifruit (Montefiori et al.
2009). Compared to carotenoids, chlorophylls were shown
to be more thermolabile (Benlloch-Tinoco et al. 2015;
Cervantes-Paz et al. 2014). The typical bright green color
of green kiwifruit changes after TP. In addition, the total
carotenoid content of kiwifruit purée was also reported to
be reduced by 67 % after TP at 97 °C for 30 s (Benlloch-
Tinoco et al. 2015). Nevertheless, HPP (at low and mode-
rate temperatures) has a limited effect on pigments such as
chlorophyll and carotenoids (Oey et al. 2008). Thus, HPP
can provide a better color retention of kiwifruit purée com-
pared to conventional TP.
Fig. 2 Organic acid profile (mean ± standard deviation) in green (a) and gold (b) kiwifruit purée after high-pressure processing (HPP) and thermal
processing (TP). ( ) quinic acid, ( ) citric acid, ( ) malic acid
Table 2 Total vitamin C,
ascorbic acid (AA) and
dehydroascorbic acid (DHAA) of
kiwifruit purée after high-pressure
processing (HPP) and thermal
processing (TP)
Cultivar Treatment Total vitamin C
(mg/100 g purée)
AA
(mg/100 g purée)
DHAA
(mg/100 g purée)
Green kiwifruit No treatment 38.73 ± 2.40a 24.85 ± 0.79a 13.88 ± 1.77a
HPP 36.88 ± 1.54 a 24.78 ± 1.80 a 12.09 ± 0.29b
TP 32.78 ± 2.75 b 22.34 ± 2.32 b 10.44 ± 0.43c
Gold kiwifruit No treatment 81.34 ± 1.33a 78.51 ± 0.79a 2.82 ± 1.15b
HPP 80.36 ± 1.75 a 75.47 ± 2.11 b 4.87 ± 1.49a
TP 74.21 ± 1.35 b 69.71 ± 0.96 c 4.50 ± 0.48ab
Mean ± standard deviation. Different letters in the same column show significant differences at P < 0.05 deter-
mined by Tukey’s HSD test
Food Bioprocess Technol
Sugar and Organic Acid Profile
Sugar and acidity are important sensory indicators in
evaluating fruit quality attributes. In this study, sugars
analyzed and quantified in kiwifruit purée were: sucrose,
fructose and glucose (Fig. 1). Glucose and fructose were
predominant in almost equal amounts (each representing
45.6–47.1 % of the total sugar in fresh kiwifruit purée),
followed by sucrose (0.6–0.7 %). It seems that the
sucrose content of the HP-processed purées was
somewhat lower than the other samples. The treatments
did not result in significant changes in other sugar
concentrations.
The other predominant taste constituents of kiwifruit
purée are organic acids. The results of pH and TA
(Table 1) and organic acids (Fig. 2) are discussed below.
The pH and TA of untreated green kiwifruit are 3.38 and
1.11 % and that of untreated gold kiwifruit are 3.53 and
1.20 %, respectively (Table 1). For pH and TA, the dif-
ference among untreated and treated purée was not signi-
ficant. These results are in agreement with previously
published results on other fruit-based products such as
orange juice (Bull et al. 2004) and apple juice (Landl
et al. 2010). In the present work, the main organic acids
in kiwifruit purée were citric and quinic acid, following
by malic acid at much lower amounts (Fig. 2). The re-
spective initial concentrations of quinic, citric, and malic
in kiwifruit purée are 700–900 mg/100 g, 500–600 mg/
100 g, and 50–100 mg/100 g, respectively. Except for
small changes in the quinic acid content of TP-processed
green kiwifruit purée, organic acids tend to remain stable
after treatments.
Vitamin C
Table 2 shows total vitamin C, AA and DHAA concentrations
in kiwifruit purée after processing. In the untreated green and
gold kiwifruit purée, 39 mg/100 g and 81 mg/100 g of total
vitamin C was found, respectively. Considering the recom-
mended daily intake of vitamin C (60 mg) in the European
countries (Flynn et al. 2003), intake of one average-sized ki-
wifruit a day supplies the required vitamin C. Compared to the
green kiwifruits, gold kiwifruits exhibit a significant higher
vitamin C concentration, which was also observed by
Nishiyama et al. (2004) and Nishiyama (2007).
As can be observed in Table 2, HPP had no significant
influence on vitamin C content of green and gold kiwifruit
purée, as 95 and 98 % of the vitamin C and 100 and 96 %
of the AAwas retained after HPP, respectively. However, TP
significantly reduced vitamin C content (P < 0.05), as 84
(green kiwifruit) and 91 % (gold kiwifruit) of vitamin C con-
tent was retained after treatment. Some previous studies on
other fruit and vegetable products also showed a better vita-
min C retention after HPP at ambient temperature conditions
compared to TP (Castro et al. 2008; Oey et al. 2008; Landl
et al. 2010; Sánchez-Moreno et al. 2005). For example,
Sánchez-Moreno et al. (2005) found that less than 9 % of
the vitamin C was lost in orange juice after HPP at
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Fig. 3 PLS-DAbiplots of headspace fingerprinting in untreated ( ), HP-
treated ( ), and thermal-treated ( ) kiwifruit purée. Different volatiles are
represented by small and open circles. Volatiles with VID higher than
0.800 (absolute value) are named and marked in bold circles. Vectors
indicate the correlation loadings for the categorical Y variables. The per-
centages of the variances in X and Y explained by each latent variable
(LV1 and LV2) are indicated on the respective axes
Fig. 4 Discriminative headspace components of gold kiwifruit purée
after high-pressure processing (HPP) and thermal processing (TP).
Volatiles with VID higher than 0.800 (absolute value) in supplementary
Table 1 are represented. The Y-axis indicates the peak area × 106 and error
bars represent the standard deviation of analysis (n = 6). Different letters
in the same column show significant differences (P < 0.05) determined by
Tukey’s HSD test
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400 MPa/40 °C for 1 min, whereas TP (90 °C for 1 min)
caused a higher decrease. Besides, Sánchez-Moreno et al.
(2003) observed that HPP (100 MPa–400 MPa) in combina-
tion with temperatures of 60 °C resulted in a higher decrease
in vitamin C content in orange juice compared to HPP at
ambient temperature.
Comparing the Impact of HPP and TP on Kiwifruit Purée
Volatile Fraction: Using an Untargeted Approach
Representative total ion chromatograms of headspace finger-
printing of untreated green and gold kiwifruit purée are
depicted in supplementary Fig. 2. For both type of kiwifruits,
esters and aldehydes are observed as the most abundant peaks.
Previous studies have also reported that esters and aldehydes
are the main characteristic volatiles in kiwifruit (Garcia et al.
2013; Jordán et al. 2002; Mota et al. 2011; Wan et al. 1999;
Wang et al. 2011).
The obtained chromatograms were transferred into data
tables prior to the MVDA using a sequence of data pre-
processing techniques (i.e., AMDIS and MPP; the BData
Preprocessing and Multivariate Data Analysis^ section).
Firstly, all data was analyzed by PCA as an exploratory tool
to detect outliers to see groupings and no outliers were detect-
ed (data not shown). Next, PLS-DA was applied to compare
the volatile fraction of differently processed gold and green
kiwifruits. Since adding an additional LV did not improve the
performance of the model, two LVs were selected as optimal
for PLS-DA. Figure 3 illustrates biplots using LV1 and LV2
for green and gold kiwifruit purée. A biplot is a tool to graph-
ically observe groupings and/or separations between different-
ly processed kiwifruit classes and also to obtain information
about volatiles that are highly affected by one processing tech-
nique compared to the other. In this context, 89 and 77 % of
the Y-variance (i.e., three classes including no treatment, HPP,
and TP) is explained with the two LVs for gold and green
kiwifruit, respectively. As can be seen in Fig. 3, for gold ki-
wifruit, there is a clear separation between three classes, show-
ing a different effect of the applied processing technologies on
volatile fractions analyzed. In the case of green kiwifruit, there
is a clear separation between the treated and untreated purée;
however, separation among the three classes is less clear com-
pared to the gold kiwifruit, where some HP-treated classes are
spread in the direction of thermally treated classes. This indi-
cates a possible similarity of the impact of these two treat-
ments on the volatile fractions.
However, using biplots, it is not straightforward to rank
volatiles based on their concentrations comparing different
processing conditions. For that reason, VID coefficients were
calculated. Per class, each volatile was assigned with a value
between −1 and +1, where a positive VID coefficient repre-
sents a higher concentration in that class compared to the other
class and vice versa (Kebede et al. 2014b). Since the objective
was to determine compounds that were significantly affected
by one process compared to the other, only those with absolute
value higher than 0.800 (discriminant volatiles) were identi-
fied (supplementary Table 1) and plotted individually (Figs. 4
and 5). Based on Tukey’s HSD test, the significant difference
of discriminant volatiles among treatments was further proved
in individual plots.
In addition to fingerprinting the volatile fraction and iden-
tifying discriminative volatiles, the challenge was to investi-
gate possible reaction pathways responsible for the formation
of these compounds. This increases insight into the impact of
HPP on (bio)chemical reactions in comparison to its conven-
tional counterpart. For this purpose, it was tried to interpret the
identity of selected discriminant volatiles and to link them
with possible reaction pathways based on previous findings.
In gold kiwifruit purée, 22 discriminant volatile com-
pounds were selected by VID. The selected volatile com-
pounds can be mainly grouped under ester, furanone, terpene,
aldehyde, and alcohol chemical classes. Higher amounts of
these compounds were detected in the treated purée compared
to the untreated one. Moreover, for processed samples, esters
(methyl hexanoate, ethyl octanoate, ethyl 2-methylbutanoate,
ethyl benzoate, ethyl hexanoate, propyl butanoate, methyl
benzoate,), terpenoid degradation products (terpinolene,
bornylene and eucalyptol), terpnene alcohol (4-terpineol and
α-terpineol), alcohol (1-butanol) and furanic compounds (2-
ethenyltetrqhydro-2methyl-(1-methylethenyl) furan, 2,5-
diethyl tetrahydrofuran, and 2-ethenyl-2-menthyl-5-(1-
methylethenyl) tetrahydrofuran) were detected at significantly
higher amounts in thermally treated gold kiwifruit purée com-
pared to HP-treated purée. Among these compounds, some
characteristic ester volatiles such as butanoate (propyl
butanoate, ethyl 2-methylbutanoate, methyl butanoate,
isobutyl butanoate, and butyl butanoate) were significantly
increased by processing (especially TP). Based on previous
studies, butanoate could enhance fruit aroma and sweetness
intensities via sensory analysis (Wang et al. 2011). It was
reported that low-saturated or unsaturated monocarboxylic
acids and alcohols can be esterified as volatile esters (Pérez
et al. 1996; Xu et al. 2014), which could be induced by treat-
ments especially due to TP. The increase in terpenoid degra-
dation products might be due to thermally induced degrada-
tion and enhance in release of naturally existing kiwifruit ter-
penoids (Kebede et al. 2013). Besides, terpene alcohol in-
creased after TP, which might be ascribed to oxidation of
terpene (Vervoort et al. 2013). The formation of furanic com-
pounds after TP can be linked to the Maillard reaction and
unsaturated fatty acid degradation and/or recombination of
fragments obtained from various precursors, such as sugars,
amino acids, and ascorbic acids (Crews and Castle 2007;
Limacher et al. 2007; Märk et al. 2006). Thus, the possible
explanation for the increased formation of these compounds
could be the higher process temperature of TP compared to
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HPP. From Fig. 4, it can be seen that two aldehydes (pentanal
and nonanal) were detected in significantly higher amounts
after HPP compared to TP. The formation of these aldehydes
is mostly linked with oxidative reactions (e.g., carotenoid and
unsaturated fatty acids degradation). This is in agreement with
studies in which oxidative chemical reactions were enhanced
under increased pressure (Kebede et al. 2013, 2014a; Oey
et al. 2008; Van der Plancken et al. 2012).
In green kiwifruit, based on VID procedure, less dis-
criminant volatiles (12 compounds) were selected com-
pared to gold kiwifruit. As can be seen in Fig. 5, γ-
terpinene (terpene) and 3-methyl-3-heptanol (alcohol)
were only detected in untreated samples since their
concentration is below the detection limit in processed
kiwifruit purée. For the ester volatile components, some
ethyl esters (ethyl octanoate, ethyl isobutanoate, and ethyl
acetate) were detected at higher amounts in the untreated
samples, whereas some methyl esters (methyl hexanoate
and methyl benzoate) and butyl esters (butyl butanoate
and isobutyl butanoate) were detected at higher amounts
in the processed samples. Moreover, methyl hexanoate,
methyl benzoate and butyl butanoate, among these esters
compounds, are of special interest, because they were de-
tected at higher amount in both treated green and gold
kiwifruit, especially after TP. For HP-treated green kiwi-
fruit purée, pentanal with a positive VID was selected by
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Fig. 5 Discriminative headspace components of green kiwifruit purée
after high-pressure processing (HPP) and thermal processing (TP).
Volatiles with VID higher than 0.800 (absolute value) in supplementary
Table 1 are represented. The Y-axis indicates the peak area × 106 and error
bars represent the standard deviation of the analysis (n = 6). Different
letters in the same column show significant differences (P < 0.05) deter-
mined by Tukey’s HSD test
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VID procedure, indicating an increased trend of aldehydes
after HPP. The formation of aldehydes (pentanal and
nonanal) in green kiwifruit was similar as that in the gold
kiwifruit, which can be linked to the oxidative reactions.
Altogether, more discriminative volatile compounds were
changed due to TP compared to HPP.
As the contribution of flavor compounds is not only depen-
dent on concentration but also on the threshold, there is a need
to investigate the threshold values of these compounds.
Furthermore, sensory analysis needs to be performed to un-
derstand how the observed changes in the physicochemical
and aromatic quality attributes will be appreciated. In addition,
since the quality of processed foods further changes (e.g.,
browning and flavor loss) during shelf-life, there is a need to
investigate quality changes as a function of shelf-life (e.g.
refrigerated products) using combined targeted and untargeted
fingerprinting approaches in future work.
Conclusion
In the present work, HPP provided a better retention of color
and vitamin C in gold and green kiwifruit purée compared to
TP. There was no clear effect of processing (HPP and TP) on
sugar and organic acid profiles. Based on the VID procedure,
most discriminant volatile compounds were detected at higher
amounts in the treated purée compared to the untreated one.
Some ethyl esters were detected at higher amounts in the un-
treated samples, whereas some methyl esters and butyl esters
were detected at higher amounts in the processed samples.
Among the processed samples, the number of discriminative
volatile compounds that changes due to TP is clearly higher
than that for HPP. Compared to HPP, furanone, alcohol, and
terpenoid degradation products were detected at significantly
higher amounts in thermally treated purée. The formation of
these compounds can be linked to the Maillard reaction, oxi-
dative reactions and terpenoid degradation due to higher pro-
cess temperature during TP. For HP-treated purée, an in-
creased trend of aldehydes (pentanal and nonanal) was detect-
ed in kiwifruit purée. The formation of aldehydes is mostly
linked with oxidative reactions (e.g., carotenoid and unsatu-
rated fatty acids degradation). Overall, from analytical point of
view, the quality of HP-treated kiwifruit purée is clearer closer
to that of fresh products compared to thermally treated sam-
ples, in particular, HP treatment avoids the formation of typ-
ical temperature-induced compounds.
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